Introduction
As a first-order approximation, a flapping wing will experience rapid time-dependent variations in angleof-attack α as a function of position along the span. Often, the angle-of-attack and pitch rate are sufficient for flow to separate, resulting in the formation of a leading-edge vortex (LEV) [1] . Significant attention has been given to understanding the role of the LEV in lift generation and maneuvering of small animals [2, 3] . In particular, understanding the roles of spanwise flow and spanwise angle-of-attack gradient on the maintenance of LEV position along the profile is thought to be critical in understanding low-Reynolds number flight [4] [5] [6] . Large rotational accelerations, corresponding to low Rossby numbers Ro, have been found to be responsible for stabilizing the LEV by draining vorticity into a trailing vortex system [7] .
In contrast, most rotors are designed for steady operation, and would not experience flow separation unless impacted by a gust, which for this studz will be assumed in the axial direction. Gusts are of course common in the atmosphere and therefore understanding their interaction with rotor systems is critical in many engineering applications such as in wind turbines [8] . Similar to flapping flyers, rotors will experience strong spanwise flow from rotational accelerations, particularly at inboard portions of the blade. This can be problematic, since the performance of rotating wings and blades is typically calculated using blade-element models or strip theory [9, 10] . These models often assume little to no interaction between the blade elements, such that each element is treated as an independent two-dimensional airfoil section [11] . Indeed, in order to obtain accurate results in low-order models, the effect of spanwise flow on rotors is adjusted with an empirically-determined correction factor [12, 13] . In reality, assuming a set of two-dimensional solutions along the spanwise direction is often insufficient to describe the flow [14] .
While the importance of this spanwise flow has been noted for the cases of both natural flight and rotor operation, the unsteadiness experienced by these two analogous cases is very different; the angle-of-attack gradient is inverted between the two, as shown in figure 1. For instance, consider the angle-of-attack distribution on a flapping bird during the downstroke. The variation in angle of attack at an instant in time due to flapping, α ∆ , is described by the following equation:
where α 0 is the initial angle-of-attack, Ω is the rate of rotation, ∞ U is the forward speed of flight, and r is the spanwise coordinate. In this case, the change in angle-of-attack is negligible at the wing root and grows towards the wing tip. Contrast this with the instantaneous angle-of-attack distribution of a rotor blade experiencing an axial gust:
where ∆U is the gust magnitude. The respective velocity triangles of each of these cases is shown in the left side of figure 2. As the rotational component of velocity Ω r moves from numerator to denominator, the peak angle-of-attack change moves closer to the profile root, as illustrated on the right of figure 2. If the kinematics of flapping wings are responsible for their resilience against gusts, then the question arises if rotorlike kinematics can produce the same benefits. While these two examples may operate around different optimums, both must be resilient against unsteadiness in their respective environments. Thus, there is an opportunity to transfer insight between these communities. As many previous studies have already focused on determining how two-dimensional parameters can affect LEV development and stability [6, 15, 16] . Therefore, in the current study we will consider the relationship between opposing gradients in angle-of-attack in the presence of spanwise flow, as was exemplified by the above examples, on LEV development and relative stability. The following section will formulate the mechanics of LEV growth rigorously in order to develop an expectation for the role of this spanwise angle-of-attack gradient.
Background
In this study, we are primarily interested in the formation of the LEV in unsteady environments for flapping and rotating profiles. Due to the spanwise angle-of-attack gradients outlined above, LEV evolution is a function of the spanwise position (and gradient) along the profile. Spanwise locations whose effective angle-of-attack changes greatly experience LEV formation earlier [17] . During LEV formation, higher effective angles of attack correspond to higher rates of circulation generation, which in turn correspond to higher rates of circulation growth within the vortex, as evidenced by the higher circulation and lift generation of airfoils in deep-dynamic stall as opposed to shallow-dynamic stall [18, 19] . As a result, the LEV would be expected to reach a topological limit in strength (and size) earliest at positions with the highest angle-of-attack change, for two-dimensional cases where the vortex strength is not limited by spanwise flow.
This topological limit in LEV size has been identified to have a length scale on the order of the chord, indicating the onset of vortex detachment [20] . However, a persistent dynamic stall vortex is often generated on rotating and flapping profiles that lasts for much larger time-scales when compared to their respective two-dimensional case [1, 2, [21] [22] [23] . It has been proposed that rotational accelerations act to stabilize the vortex, with three critical rotational accelerations affecting vortex attachment [7] : the angular acceleration (a ang ), centripetal acceleration (a cen ), and Coriolis acceleration (a Cor ):˙=
Cor effˆ (5) where u eff is the local velocity in the rotating frame. Note that in steady rotation cases the angular acceleration, Ω , goes to zero. The centripetal acceleration a cen induces a pressure gradient that drives spanwise flow. The local velocity u eff is the sum of both the free-stream velocity and that velocity induced by the flapping motion of the wing. In steady rotor operation or for flapping wings, the free-stream velocity is parallel to the axis of rotation, and therefore does not contribute to the Coriolis acceleration, which becomes exclusively a function of the flow induced by the blade rotation: Figure 1 . The angle of attack change is shown here for a flapping wing case (left) and a rotor case experiencing a gust (right). The angle of attack change on a flapping wing grows towards the tip of the profile, whereas the angle of attack change for a rotor with gust is greatest towards the root.
Cor e ff (6) In a linear momentum balance described by the Navier-Stokes equation, the Coriolis effect acts to stabilize the dynamic stall vortex [24] . Moreover, even if the vortex is stabilized by other means, it has been found that the Coriolis effect acts to increase force generation [25] . Rotational effects are still significant in the current study, but utilizes an angular momentum balance, described by the vorticity transport equation, to examine vortex stabilization without directly invoking the concept of Coriolis forcing. Within this framework, the Coriolis effect is manifested as an induced spanwise flow [26] . Spanwise flow on the order of the flapping velocity can be expected, as this has been observed for dynamic-stall vortices such as in a flapping motion [2] . This spanwise flow contributes to the redistribution of vorticity along the span of the profile following the vorticity transport equation:
where the terms on the left-hand side describe the change in vorticity of the fluid due to unsteadiness and convection. The terms on the right-hand side represent vortex stretching and tilting, and the viscous diffusion of vorticity, respectively. For a gust event acting on a rotating blade, viscous diffusion can be neglected under the assumption that the timescales of diffusion are much larger than the timescales of vortex growth itself. Therefore, the spanwise component of the vorticity transport equation in the rotating frame takes the form: 
where the terms from left to right are the constituent terms of equation (7) above representing the rate of change of vorticity due to unsteadiness, the convection of vorticity in the r-, θ-, and z-directions, vortex stretching and vortex tilting, and Coriolis effects, respectively. A schematic of the hypothesized vorticity balance is shown in figure 3 for the rotor case, where circulation generated in the shear layer is balanced by spanwise-vorticity convection. It can be assumed that the vortex is aligned approximately parallel with the span of the blade, and that therefore ω r is the dominant component of vorticity present in the flow [6] . The rate of spanwise circulation redistribution can be computed by integrating the vorticity-transport equation across the vortex-core area [5, 6] :
where the vortex tilting term vanishes as the vortex is aligned along the span of the profile as shown in figure 3 , which is a reasonable approximation far from the profile tip, before the LEV begins to tilt into the tip vortex. The stretching term vanishes, as stretching acts to increase centre line vorticity but does not transport vorticity along the blade span. Additionally, for a vortex tube attached near the leading edge of the blade profile, gradients in the spanwise direction will be much larger than the gradients in the streamwise direction, resulting in the Coriolis term having a negligible impact on spanwise-vorticity transport. Note that the vorticity convection shown in equation (9) only describes the redistribution of circulation generated at the leading edge, as opposed to the production of that circulation itself. 
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As shown in equations (1) and (2), in transient flow conditions rotating profiles develop a gradient in angle-of-attack along the blade span, from which a spanwise-vorticity gradient is formed. It is postulated that, in combination with the spanwise flow induced by rotational accelerations, this spanwise-vorticity gradient acts to redistribute circulation along the span of the profile. However, as the gradient in angle-of-attack is opposite in sign for the flapping wings versus rotors in gusts, it is expected that the flapping case exhibits a reduction in circulation while the rotor case will exhibit an increase in circulation. The following section outlines the methods used to test the hypothesis experimentally.
Methods
In order to test the hypothesis at conditions relevant to large wind turbines, the angle-of-attack magnitude and spanwise gradient in angle-of-attack was determined for a reference 5MW NREL turbine operating at a free-stream velocity of [27] . The change in angle-of-attack was determined for a sinusoidal variation in free-stream velocity at the 30% span position, as illustrated on the left-hand side of figure 4 . As a result, three test cases were developed. The first test case, hereafter referred to as the turbine case, was designed to exactly mimic the temporal angle-of-attack change, change in the spanwise gradient of angleof-attack, and spanwise-flow direction experienced at the 30% span of the reference 5 MW turbine. This case was developed in order to quantify the effect of spanwise redistribution of circulation on a representative rotating blade experiencing a gust.
The second test case, hereafter referred to as the flapping case, was designed such that the temporal angleof-attack change, and thus the change in the spanwise gradient of angle-of-attack, was equal in magnitude but opposite in orientation relative to the turbine case. The spanwise-flow direction is identical in each case. Thus, in the flapping case the angle of attack grows towards the tip, and spanwise flow is directed towards the tip, as is the case in flapping flight. The flapping case was developed in order to contrast the turbine case, and is used to discuss the global behaviour of the spanwise circulation profile. The third test case, hereafter referred to as the reference case, was set up to be a quasi twodimensional pure-pitching case with no spanwise gradient in angle-of-attack, while having a magnitude change in angle-of-attack equal to the other test cases. The angle-of-attack program for the turbine case is shown in figure 6 , and the physical pitching and flapping programs for all three cases are shown in figure 5 .
All tests were conducted in a 15 m-long optical towing tank with a × 1 m 1 m cross section, shown in figure 6 . The tunnel ceiling was semi-enclosed, with only a 5 cm opening to pass through the test article, in order to minimize free-surface effects. The tank is 15m long and uses water as the working fluid. The side and bottom walls of the tank are glass to allow for optical access. A traverse system, running the length of the towing tank, on which a 30 cm chord, 1 m span NACA-0012 test article was mounted, is fixed above the tank and was operated at a free-stream velocity of . A z-type turbulator was placed at the 20% chord in order to ensure that all three cases experienced an identical turbulent boundary layer at the onset of motion. This onset of the pitching and flapping actuation occurred after approximately 20 chords of steady-state motion at the free-stream velocity a constant angle-of-attack of 6 with zero flapping motion. Enforcing an identical initial condition, neglecting the initial rotation of the turbine case, was chosen in order to maximize possible comparison between the two cases. A pitch and flap actuator mechanism was mounted to this traverse system in order to control the blade motion, as shown in figure 7 . The mechanism consisted of two linear Bioinspir. Biomim. 12 (2017) 026008 actuators, which controlled the pitching and flapping axes independently, attached to moment arms rotating around z and θ axes. In this way, the superposition of pitching and flapping motions could be used to dictate an angle-of-attack and a gradient in angle-of-attack independently. The actuator system was designed to accept a timeseries of blade pitch and flap angles, within the maximum actuator velocity and displacement range. As the blade underwent its programmed motion, the flow field around the profile was captured at the half-span location using a four-dimensional particle tracking velocimetry (4D-PTV) system in order to capture all components of the velocity-gradient tensor, which are necessary to compute the individual terms of the vorticity transport equation [28] . Spatial velocity gradients were computed from the scattered velocity data by tri-linear interpolation. The system consisted of four Photron SA-4 cameras ( × 1024 1024 px 2 resolution) operating at 1000 Hz to capture particle images illuminated with a Photonics Industries DM-40 laser. This illuminated volume was held in-place as the profile conducted its motion, and therefore the two adjacent measurement volumes illustrated in figure 7 were used to maximize the measurement duration, as opposed to maximizing the field of view. For the turbine and flapping cases, an initial static flapping angle was applied to the profile such that the measurement volume was approximately orthogonal to the wing surface for each measurement. The quality of the volumetric reconstruction produced by . All test cases were conducted in a 15 m-long towing tank with a × 1m 1m cross section with a semi-enclosed ceiling to minimize free-surface effects. The model (II) was actuated using a robotic pitching-flapping mechanism (I), which was towed from right to left along the upper traverse. A four-camera setup (III) was used to capture the motion of the seeding particles.
4D-PTV has been evaluated previously using synthetic images with artificial noise. 4D-PTV has been shown to triangulate detected particles with approximately half the error of tomographic PIV, with mean errors of 0.1 pixels being typical for such synthetic data sets [28] . Raw pre-processed images were also used to verify the repeatability and accuracy of the motion, which had a maximum variation of 5 pixels (0.2% of chord) from the motion program, at the half-span location where measurements were conducted.
Results
The resulting flow fields in the turbine and flapping cases are shown for a snapshot of time (t * = 0.8) from a single run in figure 8 . Highly rotational regions have been isolated using the γ 2 criterion, which defines a vortex core as a location where [29] . Here, we see a large LEV forming in the turbine case (left) with a clear vortex core. Meanwhile, the flapping case (right) exhibits an elongated shear layer without any γ 2 values reaching the threshold for core detection. In the remainder of this section, this qualitative difference will be explained in terms of spanwise flow and vorticity transport.
The spanwise flow u r observed in the turbine case increases for the entire measurement period, as shown in figure 9 . This single value iss determined by taking the spatial-average across a × c c 0.2 0.2 region above and directly behind the leading-edge of the profile, corre sponding approximately to the maximum extend of the LEV in the turbine case. The use of a single spatial domain for averaging each case means that the relative magnitude of spanwise flow between cases is not affected by small changes in the domain size, and in fact is proportional to the relative volumetric flow rate between each case along the span. The effective
2 2 was chosen as the normalization velocity in order to account for the additional flapping velocity. Spanwise flow was normalized by the instantaneous effective velocity in order to account for the rotational contribution to the effective velocity experienced in the turbine case. The spanwise velocity increased throughout the measurement period as a result of the rotational velocity increasing during the motion. This spanwise flow was on the order of the local rotational velocity Ω r at the measured spanwise position, which is consistent with results found in the literature [8, 26] . The spanwise flow is in the direction of decreasing angle-ofattack for the turbine case, which mirrors that of a wind turbine experiencing a gust event. In comparison, the reference case exhibited negligible spanwise flow, indicating a nearly two-dimensional flow. Similar to the turbine case, the flapping case exhibited increasing spanwise flow u r within the dynamic stall vortex over the the entire measurement period. The spanwise flow was in the same direction as the turbine case, moving towards the tip, due to the pressure gradient induced by rotational accelerations. The spanwise velocity for both the flapping and turbine cases were within one standard deviation of one another. Rather, spanwise flow appears to be coupled to the rotational velocity Ω of the profile instead.
The spanwise-vorticity gradient within the dynamic stall vortex is shown in figure 9 . For the turbine case, the gradient is negative (decreasing towards the tip), and becomes increasingly negative as a function of the convective time. This negative vorticity gradient is likely due to the negative angle-of-attack gradient along the span of the blade. Similar to the spanwise flow, the spanwise-vorticity gradient in the two-dimensional case has a small positive bias over the measurement period.
Due to the opposite sign of angle-of-attack gradient between the turbine and flapping cases, the spanwisevorticity gradient was also opposite in sign, being positive for the flapping case (increasing towards the tip). The magnitude of the spanwise-vorticity gradient fell within one standard deviation between the two rotational cases. For both cases the spanwise gradient in vorticity and angle-of-attack were the same sign. Finally, the circulation integrated across the entire measurement domain in the turbine case was greater than that observed for the reference case over the entire measurement period, as shown in figure 10 . This indicates that vorticity transport due to the combination of spanwise flow and a spanwise-vorticity gradient acts to increase circulation for a rotating blade motion with a gust. The relative orientation of the spanwise Figure 10 . The growth rate of circulation in the turbine case was found to be greater than that of the reference case. In contrast, the growth rate of circulation in the flapping case was lower than that of the reference case. The difference in circulation growth is a result of the relative alignment of spanwise flow and the spanwise-vorticity gradient between the cases. The error bars denote the standard deviation of the 10 runs plotted every 20 frames.
flow and spanwise-vorticity gradient dictates the direction of this transport. The higher levels of circulation growth indicate that locally, the dynamic-stall vortex is less stable in the turbine case, and will reach the critical size sooner than the reference case [20] . In contrast to the turbine case, the observed circulation of the flapping case was lower than the two-dimensional reference case over the entire measurement period. The decrease in circulation is a function of the relative alignment between the spanwise flow and spanwise-vorticity gradient generated on the profile. The vorticity gradient in the flapping case was parallel with the spanwise flow, which, based on equation (9), resulted in circulation being transported from areas of low generation to areas of high generation.
Based on these above results from the turbine and flapping cases, it can be observed that rotors exposed to axial gusts, with increasing angle of attack towards the root, experience increased circulation. This is in contrast to cases with increasing angle of attack towards the tip, as in the flapping case, which experiences a decrease in circulation.
Conclusions
In this study, the effect of a spanwise angle-of-attack gradient on the growth and stability of the dynamic stall vortex for rotating systems has been investigated. Three cases were considered: (i) The turbine case was actuated such that the angle-of-attack magnitude and spanwise angle-of-attack gradient generated on the test model was equivalent to that found at the 30% span of a wind-turbine blade experiencing an axial gust event; (ii) The flapping case was actuated such that the spanwise angle-of-attack gradient was equal in magnitude, and opposite in direction, relative to the spanwise flow of the turbine case; (iii) The two-dimensional reference case was actuated in pure pitch such that it had an identical angle-of-attack history to the rotational cases over the observed convective time but with no spanwise gradients or spanwise flow.
Two major conclusions have been drawn. First, that inducing an angle-of-attack gradient along the span of a profile results in a corresponding spanwise-vorticity gradient. Second, that spanwise flow induced from rotational accelerations coupled with the spanwisevorticity gradient results in a redistribution of circulation along the span of the profile, which in turn has an impact on the growth of the LEV. In the turbine case, the spanwise-vorticity gradient is anti-parallel to the spanwise flow, resulting in transport of vorticity into the measurement domain, thereby increasing the circulation observed. Based on the vortex stability criteria found in the literature, the increase in vortex-growth rate corresponds to a less stable vortex [20] . Conversely, the flapping case showed transport of vorticity from out of the measurement domain, reducing circulation. This effect decreased circulation, indicating increased stability. The decreased vortex stability and increased vortex circulation in the turbine case describes a situation where transient loads increase in frequency and magnitude. Therefore, highly transient loads can be mitigated through modifications in either spanwise flow or spanwise-vorticity gradient, such as through wing fences or blade twist, respectively, in order to maintain consistent power generation or thrust production, or even reduce cyclic loading.
Under rotation, spanwise flow is induced within the dynamic stall vortex due the spanwise pressure gradient generated from rotational accelerations. The redistribution of circulation through vorticity transport was driven by a combination of this spanwise flow and the spanwisevorticity gradient described above. The behaviour of this circulation transport is described by the spanwise convection term ω ∂ ∂ u r r r of the vorticity transport equation. Finally, the Coriolis term of the vorticity transport equation does not affect the transport of angular momentum directly. Rather, the Coriolis effect is manifested by inducing a spanwise flow [24] . Therefore, we present an equivalent description of this phenomenon as found in the literature, where the circulationtransporting effect of spanwise flow is described through the convection of angular momentum.
